Background: Despite several studies that have estimated the economic impact of Respiratory Syncytial Virus (RSV) in infants, limited data are available on healthcare resource use and costs attributable to RSV across age groups. The aim of this study was to quantify age-specific RSV-related healthcare resource use and costs on the US healthcare system. Methods: This retrospective case-control study identified patients aged ≥1 year with an RSV event in the Truven Health Marketscan® Commercial Claims and Encounters and Medicare Supplemental and Coordination of Benefits databases between August 31, 2012 and August 1, 2013. RSV patients were matched 1:1 with non-RSV controls for age, gender, region, healthcare plan and index date (n = 11,432 in each group). Stratified analyses for healthcare resource use and costs were conducted by age groups. RSV-attributable resource use and costs were assessed based on the incremental differences between RSV cases and controls using multivariate analysis. Results: RSV patients had a higher healthcare resource use (hospital stays, emergency room/urgent care visits, ambulatory visits and outpatient visits) than non-RSV matched controls for all age groups (all p < 0.0001), particularly in the elderly age groups with RSV (1.9 to 3 days length of stay, 0.4 to 0.5 more ER/UC visits, 0.7 to 2.7 more ambulatory visits, 12.1 to 18.6 more outpatient visits and 9.5 to 14.6 more prescriptions than elderly in the control groups). The incremental difference in adjusted mean annual costs between RSV and non-RSV controls was higher in elderly (≥65; $12,030 to $23,194) than in those aged < 65 years ($2251 to $5391). Among children, adjusted costs attributable to RSV were higher in children aged 5-17 years ($3192), than those 1-4 years ($2251 to $2521). Conclusions: Our findings showed a substantial annual RSV-attributable healthcare resource use and costs in the US across age groups, with the highest burden in those aged ≥65 years. These data can be used in cost-effectiveness analyses, and may be useful for policymakers to guide future RSV vaccination and other prevention programs.
Background
Respiratory syncytial virus (RSV) causes significant morbidity, mortality and healthcare use worldwide, particularly in pre-term infants, children, the elderly and those with pre-existing conditions such as lung and heart disease. [1] [2] [3] [4] [5] Globally, it was estimated in 2015, in children < 5 years of age there were 33.1 million episodes of lower respiratory tract infection due to RSV, with 3.2 million RSV-related hospitalizations and 59,600 inhospital deaths. [6] There are currently no global estimates for RSV infections in other age groups, or in those with underlying medical conditions.
The burden of RSV on the US healthcare system is not clearly established. Based on the limited available data, RSV causes 57,527-132,000 hospitalizations, 1.5-1. 7 million office visits and 402,000-517,747 emergency department (ED) visits in children < 5 years of age, [1, 7, 8] and approximately 177,525 hospitalizations each year in those aged ≥65 years. [2] The estimated annual average number of deaths from RSV in the US between 1997 and 2009 was 11,300, [9] with a substantial number in those aged < 5 years and those ≥65 years. [9, 10] RSV may also increase use of healthcare utilizations through longer-term effects including recurrent wheezing and new diagnosis of asthma, exacerbation of underlying illnesses such as cardiopulmonary conditions and deaths. [2, [11] [12] [13] [14] [15] Given the high burden of RSV, particularly in the young and elderly, and the associated healthcare utilization with infection, it is expected for RSV to lead to substantial healthcare costs. The currently available evidence for RSV-attributable costs is limited by a lack of a control group in many of the studies, and so the impact of RSV on healthcare burden is not clearly defined. In addition, many of these studies in the US focus on infants alone [7, [16] [17] [18] [19] [20] [21] [22] [23] [24] and little is known of the impact of RSV for those who are older, such as young children aged between 1 and 4 years and the elderly. [2, 25] Recent advances in the development of RSV vaccines and monoclonal antibody indicates that the prevention of RSV will likely to be available in the next few years. [26] Understanding healthcare utilization and costs associated with RSV is therefore essential for guiding the implementation of new vaccines and monoclonal antibodies against RSV in various age groups and high-risk populations. [27] The aim of this study was to provide the most recent and comprehensive data on the economic burden of RSV across all ages in the US.
Methods

Study design and data source
This retrospective, case-control study used patient data from the Truven Health Marketscan® Commercial Claims and Encounters, and Medicare Supplemental and Coordination of Benefits databases (Truven Health Analytics, Michigan, USA). The Truven Health Marketscan® databases include longitudinal records of patient demographics, inpatient and outpatient services, long-term care accessed, and prescription drug claims covered under a variety of health benefit plans; it is considered representative of the US health population with regards to health coverage [28] . The payments reported in the MarketScan® database represent the amount eligible for payment to providers after applying pricing guidelines such as fee schedules and discounts, and before applying deductibles, copayments, and coordination of benefits.
Medical claims are linked to outpatient prescription drug claims and patient-level enrollment data through the use of unique enrollee identifiers. All database records are de-identified and fully compliant with US patient confidentiality requirements, including the Health Insurance Portability and Accountability Act (HIPAA) of 1996. Because this study used only de-identified patient records, Institutional Review Board (IRB) approval was not required.
Patient selection
Patients aged ≥1 year with an RSV diagnosis between August 31, 2012 and August 1, 2013 were identified; this time period was chosen in order to cover the RSV epidemic season across the US [29] . We excluded RSV patients aged < 1 year from analysis due to the potential interpretation biases related to missing date of birth and incomplete 1 year of continuous enrollment postindex date in nearly 60% of infants aged < 1 year. An RSV episode was defined by a RSV International Classification of Diseases, 9th revision, Clinical Modification (ICD-9-CM) code (079.6, 466.11 or 480.1) as the principal diagnosis for inpatient admissions, or as the first or secondary diagnosis for outpatient visits, and was considered as first consultation > 28 days following any previous consultation with the same diagnosis code. The index event was defined as the first RSV episode during the 2012-2013 RSV season. Patients were required to have at least 12 months of continuous enrollment pre-index (baseline period) and at least 12 months of continuous enrollment post-index (follow-up period), between August 31, 2011 and August 1, 2014. Patients with a prescription of pavlivizumab, a monoclonal antibody used for the prevention of RSV in high-risk infants, during the study period (baseline or follow-up) were excluded to avoid bias.
Patients with RSV meeting the inclusion criteria were matched 1:1 to controls without RSV based on age, sex, region, health plan, and index date. Controls without RSV were defined as those who did not have a claim associated with ICD-9 codes 079.6, 466.11 or 480.1 in any diagnosis field between August 31, 2012 and August 31, 2014. Controls were also required to have ≥12 months of continuous enrollment both pre-and post-index.
Baseline measures
Demographic data were collected for the patient on the index date and included; age, age group (1 year, 2-4 years, 5-17 years, 18-49 years, 50-64 years, 65-74 years, 75-84 years, or ≥ 85 years), sex, geographic region (Northeast, North-Central, South, West or unknown), and insurance plan type (commercial or Medicare). Additional descriptive data that were extracted included information on birth prematurity amongst those aged < 5 years, the characteristics of the index RSV episode (setting of the event and whether the event occurred during the epidemic season for the region [29] ), history of RSV in the baseline period, and whether the patient had a high-risk medical condition. High-risk medical conditions were categorized based on ICD-9-CM codes for the following conditions: chronic cardiac, pulmonary, renal, metabolic, liver, neurological diseases, diabetes mellitus, hemoglobinopathies, immunosuppressive conditions and malignancy (Appendix 1) [14] . Information on the use of antibiotics and/or antiviral drugs during the baseline and followup periods was also extracted. Antibiotics included the following categories: cephalosporins, β-lactams, macrolides, penicillins, tetracyclines, lincosamides, quinolones, trimethoprim-sulfamethoxazole, and any other antibiotic. Antiviral drugs included acyclovir and penciclovir.
Outcomes measures
All-cause healthcare resource use was assessed in the RSV patients and matched controls over the 12-month follow-up period (from the index event for RSV patients or the index date for respective matched controls). Healthcare resource use included: the percentage of patients with ≥1 claim by service category (inpatient visit, ED and urgent care [UC] visit, ambulatory visit, outpatient visit, or pharmacy prescription), number of visits per category, total length of stay for inpatient visits, and number of prescriptions. Associated costs (including the index event for RSV patients) were computed for each resource category over the 12-month follow-up period. The total unadjusted costs were estimated as the sum of the costs of the individual resource categories for RSV cases and matched controls, respectively. These costs were based on the paid amounts of adjudicated claims, including insurer and health plan payments and patient cost-sharing in the form of copayments, deductibles, and coinsurance. All cost estimates were adjusted to 2014 US dollars using the Medical Care Component of the Consumer Price Index.
Statistical analysis
Descriptive analyses are presented for the RSV cases and the matched controls. For each continuous variable the mean and standard deviation (SD) were calculated and for each categorical variable the frequency and percentage were calculated. Stratified analyses were conducted by age group (1 year, 2-4 years, 5-17 years, 18-49 years, 50-64 years, 65-74 years, 75-84 years, and ≥ 85 years). The total length of stay in hospital, the number of visits/ prescriptions, and the costs for the different resource categories were calculated as a mean per patient taking into account patients without consumption in the calculation. A matched design was used to identify RSV cases and controls and so statistical analyses took into consideration the dependency in the data introduced by matching. Categorical variables were compared using the McNemar test which is a non-parametric test assessing if there is a statistically significant change in proportion for the paired data for dichotomous variables, and the Wilcoxon signed rank test was used for continuous variables to assess if statistically significant difference exists on the median rank of paired-observations. The incremental differences in all-cause resource use and costs between the RSV cases and matched controls were used as an estimate of the RSV-attributable resource use and costs.
Multivariate linear regression models were used to adjust the incremental difference in the total all-cause healthcare costs between cases and controls. Covariates included in the multivariate models were gender, region, high-risk status (at risk if ≥1 high-risk condition during the baseline or follow-up period), history of RSV during the baseline period, and treatments (antibiotics and antivirals). For children aged < 5 years, prematurity were added as additional covariate. Final multivariate models were built using the stepwise selection method (entry level, 0.20; stay level, 0.05).
All analyses were performed using SAS® Enterprise Guide 7.1 (SAS Institute, Cary, NC).
Results
Patient characteristics
Of 63,702,072 individuals enrolled in the databases between August 31, 2012 and August 1, 2013, a total of 11,432 patients with RSV met the inclusion criteria and were matched 1:1 with controls without RSV (Fig. 1) .
The two matched populations (RSV cases and controls) had a mean age of 15.8 years (63.2% aged < 5 years), 51.3% were male, and the vast majority were identified from the commercial claims and encounters database (92.8%) ( Table 1 ). In the majority of cases, the index RSV episode occurred during the RSV season (96. 5%), with diagnosis in the outpatient setting (80.9%). Significantly more RSV patients had a history of RSV during the baseline period compared to controls (9.2% vs. 1.3%; p < 0.0001), and there was a significantly higher proportion of premature patients compared to controls among children aged < 5 years (12.7% vs. 7.5%; p < 0. 0001) ( Table 1) .
High-risk conditions at baseline
The prevalence of high-risk conditions varied by age for both the RSV and the non-RSV matched control patients ( Fig. 2) . High-risk conditions were not diagnosed or were infrequent in children and young adults, and were mainly chronic pulmonary diseases. The prevalence of high-risk conditions increased with age, with those aged over 65 years being most commonly affected by comorbidities such as chronic pulmonary, cardiac and renal diseases, and diabetes mellitus (Fig. 2) . Malignancies and neurological/musculoskeletal diseases were also most common in those aged ≥75 years. Patients with RSV had more high-risk comorbid conditions than controls. The number of patients with ≥1 high-risk condition was significantly higher in all age groups with RSV compared to matched controls (range 22.3% -95.9% vs. 10.6% -73.8%; all p < 0.0001; Fig. 2 ).
Antibiotic and antiviral treatments
During the baseline period antibiotic use was higher in the RSV patients (ranging from 61.7% to 80.8%) than matched controls (ranging from 39.6% to 63.8%) (Fig. 3) . Antiviral use in the baseline period was low, < 9%, across all ages in both RSV patients and matched controls. During the follow-up period antibiotic use across age groups was similar to that for baseline in matched controls (40.7% to 59.9%), and higher in the RSV patients (72.5% to 87.4%) (Fig. 3) . Antiviral use remained low, < 12%, but slightly higher in the RSV patients. During both baseline and follow-up periods, antibiotic use was significantly higher in the RSV patients compared to the matched controls for all age groups (all p < 0.0001), and antiviral use was significantly higher in the RSV patients compared to the matched controls for all age groups < 75 years (all p < 0.01) (Fig. 3 ).
Healthcare resource use and costs
Annual all-cause healthcare resource use in the RSV patients varied by age groups; in the elderly groups (≥65 years) healthcare resource use was higher (43.2%-60.6% with ≥1 hospitalization; 47.6%-65.1% with ≥1 ED/ UC visit; 76.1%-82.1% with ≥1 ambulatory visit) than in children and adults (9.5%-18.2% with ≥1 hospitalization; 32.0%-46.9% with ≥1 ED/UC visit; 35.1%-66.1% with ≥1 ambulatory visit) ( Table 2 ). The greatest resource use was seen for outpatient visits with > 98% across all agegroups for the RSV patients having at least one visit. Annual healthcare resource use was significantly higher among the RSV patients compared to the matched control patients across all age-groups and resource categories both with respect to units used (all p < 0.0001) and frequency of use (all p < 0.05, except for prescription in elderly Table 2 ). Using incremental differences between the RSV patients and matched controls, an important part of healthcare resource use can be attributable to RSV; and this contribution varied across each age group. The greatest incremental differences in healthcare resource use between the RSV patients and matched controls were observed in the elderly; for ambulatory visits, outpatient visits, and prescriptions filled, the incremental differences increased with age (Table 3) .
Multivariate analyses incorporating confounding factors showed significantly higher adjusted total annual costs in the RSV patients compared to the matched controls across all age groups; with the adjusted total annual costs in the RSV patients ranging from $7535 (1 year group) to $40,405 (75-84 years group) and in the matched controls from $5015 (1 year group) to $19,037 (75-84 years group) (Fig. 4) 
Discussion
This is the first comprehensive study of annual healthcare resource use and costs in those with RSV across multiple age groups in the US. Through the use of matched control patients without RSV we were also able to estimate the incremental differences in resource use and costs between those with and without RSV. There was higher annual resource use in the RSV patients across all age groups; when compared to non-RSV matched controls, up to 29% more in the RSV group had ≥1 hospitalization, up to 27% more in the RSV group had ≥1 ED/UC visits and up to 20% more in the RSV group had ≥1 ambulatory visit. The adjusted annual costs for those with an RSV event were also higher when compared to matched controls across all age groups, with incremental differences of $2251 to $23,194 . Due to the matching of RSV and non-RSV patients, which controlled for some confounding factors, we can conclude that this higher resource use and higher costs are related to RSV.
Previous studies of healthcare costs related to RSV in the US have generally focused on infants, often comparing full-term and pre-term infants. These studies highlight the higher burden of RSV in preterm infants, with annual hospitalization costs as high as $19,559 to $52,900. [16, 19, 22] In studies in infants with matched controls, those with RSV had higher rates of hospitalization, higher ED use, more ambulatory visits, more prescriptions filled and more antibiotic use. [17, 18, 22] In a study of costs in children aged < 5 years in the US, annual mean hospitalization costs in those with RSV was $4584, with total estimated medical costs of RSV of $341-449 million, with a further $258 million estimated for ambulatory care costs. [7] In our study only those ≥1 year old were included in this analysis. We were also interested in healthcare utilization and costs in infants aged < 1 year, due to the documented burden of RSV in this population, and particularly wished to explore outcomes by age subgroups (< 3 months, 3-5 months, and 6-11 months). However, among the 31,013 infants aged < 1 year with a RSV diagnosis during the 2012-2013 season, the results were not coherent and did not follow the global trend of healthcare costs. We were not able to identify the potential bias or confounding factors for these unexpected results, and so they were not included in the final analyses. One source of the potential bias may have been related to the process used to retrieve the birth date, as date of birth is not available in the MarketScan® databases; the date of the first claim with an ICD-9-CM code for birth was used as a proxy for birth date (Appendix 2), if this was not available then the first enrolment date was used when year of enrolment and birth year were the same. In the process of identifying patients for inclusion, 16.3% (n = 5054) did not have an estimable date of birth and 52.3% (n = 16,390) did not have 1 year of continuous enrollment post-index date in infants aged < 1 year. These issues might have contributed to these unexpected results, or by the step of matching controls in this group. In studies of RSV-attributable healthcare costs in the elderly in the US, estimates have been made of annual hospitalization costs of $11,000 per hospitalization, with total costs for all elderly aged ≥65 years estimated from $150-680 million [25] to $1 billion. [2] In a study of all Table 2 Annual healthcare utilization and costs among patients with RSV and matched controls during the follow-up period Table 2 Annual healthcare utilization and costs among patients with RSV and matched controls during the follow-up period Multivariate linear regression models were used to adjust the total healthcare costs; covariates included gender, region, high-risk status, history of RSV during the baseline period, treatments and prematurity for children aged < 5 years adults in the US, mean adjusted costs for RSV hospitalization across age groups was calculated as $38,828. [30] However, that study found the highest hospitalization costs in those aged 45-59 years, and lowest in those ≥60 years; [30] this differs to the findings in our study, where the highest resource use and costs were seen in those aged ≥65 years. Compared to those who were aged 18-49 years, in those ≥65 years, 3-5 times more patients had a hospitalization, 1-2 times more had an ED/UC visit, and twice as many had an ambulatory visit, with a higher mean number of visits for each setting and longer hospital stays. This higher resource use also translated to higher costs, with the highest adjusted annual healthcare costs seen in those with RSV who were aged 75-84 years, almost double the costs seen in those aged 18-49 years. The highest incremental difference in costs between the RSV and matched-control group was also seen in the elderly patients. The higher resource use and costs in the RSV patients, beyond the costs directly related to the RSV event itself, may be due to the complications and long-term effects that have been suggested to result from RSV infection, such as wheezing, asthma and allergies in children [11, 17, 18, 20] , and exacerbation of underlying conditions, such as pulmonary or cardiovascular diseases. [14, 20] This study also showed a substantial increase in the number of antibiotic prescriptions in patients in the RSV group in the year after RSV infection compared to the baseline period and to those in the non-RSV matched control group. This increase in antibiotic prescriptions may have been due to the inappropriate use of antibiotics for RSV, or may be a further indication of the longer-term impact of RSV. Previous studies have also shown a high level of unnecessary antibiotic use in RSV, [12, 13, 31, 32] with estimates of excess antibiotic prescriptions in RSV of 641 per 1000 in children aged < 5 years in the US. [13] Bacteremia is rarely concurrent with RSV infections, even in those with high-risk for infection, [32, 33] and as such antibiotic use has no clinical benefit and leads to increased costs and the potential for increase in drug resistance. [31] Generating comprehensive data on healthcare resource use and costs associated with RSV across several age groups will help to provide valuable information for the development of cost-effectiveness models, and help guide prevention strategies against RSV. Protective immunity to RSV induced by natural infection is weak and short-lived, [34, 35] and current prevention strategies are restricted to at-risk infants with repeated doses of the expensive monoclonal antibody palivizumab during the RSV season. However, the cost-effectiveness of palivizumab has not been definitively proven, with studies both for and against its cost-effectiveness. [36] Consequently, new approaches for preventing and treating RSV that are also cost-effective, particularly for at-risk groups such as infants, young children, elderly and those with underlying medical conditions, are needed. Vaccines against RSV are currently in development, with phase 2 and 3 studies ongoing for one vaccine, including for the vaccination of pregnant women in order to confer immunity to newborns. [37, 38] In addition, a late stage phase 2b trial of a highly potent monoclonal antibody, MEDI8897, in pre-term infants is expected to complete in 2018, [39] with plans for a phase 3 study in healthy full-term and late pre-term infants. Current data on RSV infections rates has allowed for modeling studies to identify children aged < 5 years as those most likely to be infected with RSV, and most likely to transmit it, [40] supporting previous suggestion that children are an important source of RSV transmission to adults, [41] consequently those aged < 5 years are the target group for future vaccination. Our data on the economic impact of RSV across age groups can be used to re-evaluate cost effectiveness of new vaccines or monoclonal antibodies, especially in the elderly age groups.
This was a large observational study of over 11,000 patients ≥1 year of age with an RSV event in the US, and with follow-up data for 12 months. This analysis, covering a wide range of ages, allowed assessment of RSV-related costs in children, adults and the elderly; utilizing age ranges chosen to focus on those age groups with the highest risk. The use of matched non-RSV controls allowed for comparison and estimates of the RSV-attributable resource use and costs, which is lacking in many other RSV costs studies. There were, however, several limitations to this analysis. ICD-9-CM codes were used to identify RSV cases and healthcare resource use and costs in the 12 month follow-up period; miscoding or misclassification or missed opportunities for RSV testing may have occurred leading to a misdiagnosis or incorrect utilization or cost to be attributed. Similarly, where a patient did not make an insurance claim the associated healthcare resource use or cost would not have been captured in the database. Some outcomes that may be relevant to this analysis, such as mortality or the severity of disease were not available. The completeness of the data on prematurity in those aged < 5 years in the databases is uncertain; prematurity was identified using ICD-9CM and additional diagnosis-related group codes (Appendix 3), however, the proportion of premature child who are not identified by these codes is unknown. The severity of prematurity was also not assessable for almost 40% of premature children in this study. Palivizumab use during hospitalization was not captured in the databases, so not all patients with palivizumab would have been excluded from the analysis. Only direct medical costs were captured in this analysis, other economic consequences such as out-of-pocket costs or loss of productivity were not included. Assessment of out-ofpocket costs in infants with RSV have been estimated to be between $214-644, with $1921-3873 estimated in lost productivity. [24] The data presented here may not be applicable to the entire US population, as this analysis is based on a commercially insured population.
Conclusions
This study presents the annual healthcare resource use and costs of RSV in the US across age groups, highlighting the particular burden in those aged ≥65 years. These data confirm the significant healthcare burden of RSV and need for the prevention of RSV to be a high priority across age groups, and that additional safe and effective preventative measures are required. Acknowledgements Editorial assistance with the preparation of the manuscript was provided by a professional medical writer, Nicola Truss PhD of inScience Communications, Springer Healthcare, and was funded by Sanofi Pasteur.
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